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Data Challenges in Materials
_ 2

Materials Informatics: Extract Knowledge from Materials Data
Building Models

‘ Uncertainty Quantification ‘

Property (arb. units)

Feature space

hpc.lanl.gov

Balachandran et al. Sci Rprts. (2016)



Aging in U-Nb Alloys

U-Nb alloys become hard and brittle with aging

T ! 1 L (i ! 03

600} 300° C

500

DPN

600° C
200°C |
100° C
O
200 - 23 € =
100 mad —
| | 1 i 1 1 1
A 10 10° 10°

TIME, MINUTES

Figure G10-a. Room Temperature Hardness Value for the U-4.5
wt‘%oNb Alloy. The samples were held 30 minutes at
850 C and then isothermally aged for the indicated
times and temperatures.

Our Goal: Be able to predict hardening



Building an Aging Model

Typical Aging Experiment:
1. Cast a single batch of alloy
2. Divide into smaller samples
3. Age them for different times, Temp. »/»/X\,

: ssEs
4. Fit a property model -
sses
A few aging studies are practical, ssas
but there are many factors to consider... l l l l

* Alloy composition r XX

* Grainsize © 00O

. . . . O 06 0 O

 Statistical variation >

e ... enough to become costly \\ l j t

Problem: Cannot run all the experiments /'\
Potential Solution: The literature!




The Literature

ﬁ
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Materials
(TID-4500,

Contract No, W-7405-eng-92

Microstructure and Mechanical Response
of U-6Nb and U-8Nb in Gamma Quenched
and Long-Term Aged Conditions

DEVELOPMENT OF NIOBIUM-URANIUM ALLOYS
FOR ELEVATED-TEMPERATURE
FUEL APPLICATIONS

by

... and Dozens More I

Donald P. Moak
Seymour G. Epstein
Arthur A. Bauer
Ronald F. Dickerson

Our Approach: Use already-existing data!




Different Phase Trans. in U-Nb

Problem: Different aging mechanisms, require different models

647°C b-—-—-———— _”
_A\\ Lameller

I Decomposition

Temp.

A
General@/

Precipitation  20°C

Fine-scale
Segregation

minutes days months decades

Log aging time ==

Another Need: Images of aged microstructure



The Challenge

Qgﬁ” What is the
u-structure?

How do £
we store
the data? A

. 5 _

is relevant: Aging




- Storing Materials Data
N o \ u
How do gli
- we store
the data? S i
B N
0@\%




Example Data Source

_ 9 |
600 I I - .
Main Variables:
500 v Aging Time
v Aging Temp.

v/ Composition

DPN

200

Other Considerations:
* Who did this?
* Processing history

100

10 10°
TIME, MINUTES

. .
Figure G10-a. Room Temperature Hardness Value for the[ SIS Bandlng
ﬁ. The samples were held BOITINUTESIaT . 3
and then isothermally aged for the indicated oot

times and temperatures.

Two problems:

 How to organize this information?
* How to store it?




Organizing Data: What is a Schema?

104

Definition of Data Format / Structure

Why is this important?
Simplify data processing software
Ensure all relevant data is captured

What kinds of questions does a schema answer?
What is the relevant data?
“Hardness measurements have a scale and value”
How are they related to each other?
“Solutionizing is a processing step”
What are the format requirements?
“Temperature must be a real number”



What does a “XML Schema” look like?

114

v<xsd:schema xmlns:xsd="http://www.w3.0rg/2001/XMLSchema” attributeFormDefault="unqualified"” elementFormDefault="unqualified”>

Import from other schemas

<l--

<l--

Imported types
<xsd:include schemalocation="physical-quantity.xsd"/>
Custom types
v<xsd:simpleType name="hardness-measurement-method-type">

-->

-->

v<xsd:restriction base="xsd:string">

<xsd:
<xsd:
<xsd:
<xsd:
<xsd:
<xsd:
<xsd:
<xsd:
<xsd:
<xsd:
<xsd:
<xsd:
<xsd:
<xsd:
<xsd:

enumeration
enumeration
enumeration
enumeration
enumeration
enumeration
enumeration
enumeration
enumeration
enumeration
enumeration
enumeration
enumeration
enumeration
enumeration

</xsd:restriction>
</xsd:simpleType>

<l--

Actual Schema

value="vickers"/>
value="knoop"/>
value="brinell 3@00kg"/>
value="brinell 500kg"/>

value="rockwell a"/>

value="rockwell b"/>

value="rockwell c"/>

value="rockwell d"/>

value="rockwell e"/> (j
value="rockwell f"/> Har ness
value="rockwell 15-N"/>

value="rockwell 30-N"/> Measurement
value="rockwell 45-N"/>

value="rockwell 30-T"/>

value="shore"/>

-->

v<xsd:complexType name="hardness-measurement-type">
v <xsd:sequence>

<xsd:
<xsd:
<xsd:
<xsd:

element
element
element
element

</xsd:sequence>
</xsd:complexType>
</xsd:schema>

name="measurement-type"” type="hardness-measurement-method-type"/>
name="measurement” type="physical-quantity-type"/>
name="applied-load"” minOccurs="0" maxOccurs="1" type="xsd:double"/>
name="microindenter” minOccurs="0" type="xsd:boolean"/>

Enforce data types

Make fields optional




Our Data Schema: Nice & Simple

<xsd:schema xmlns:xsd="http://www.w3.0rg/2001/XML.Schema">
<xsd:include schemal.ocation="hardness-type.xsd"/>
<xsd:include schemal.ocation="note-type.xsd"/>
<xsd:include schemalocation="xray-diffraction-type.xsd"/> " R .
<xsd:include schemalLocation="material-composition.xsd"/> hd() rEEIr1\/EEr]tIr]£; \A/P]EEEE
<xsd:include schemalocation="material-thermomechanical-processing-type.xsd
<xsd:include schemalocation="citation-type.xsd"/>
<xsd:include schemal.ocation="micrograph-type.xsd"/>
<xsd:element name="literature-data">
<xsd:complexType>
<xsd:sequence>
<xsd:element minOccurs="0" name="id" type="xsd:string"/>
<xsd:element minOccurs="0" name="citation" type="citation-type"/>
<xsd:element maxOccurs="unbounded" minOccurs="0" name="note" type="note-type'"/>
<xsd:element minOccurs="0" name="material">
<xsd:complexType>

Bottom Llne Schemas Are Not The Hardest Step

Il)

ole
DN Process

<XSd documentatlon>Who made this alloy</xsd:documentation>
</xsd:an
</xsd:elemsg
<xsd:eleme e="material-composition"/>
<xsd:eleme _ pe="material-composition"/>
<xsd:element minOccurs="0" name="processing" type="material-thermomechanical-processing-type"/>
</xsd:sequence>
</xsd:complexType>

</xsd:elenent> Can fit micrographs,

<xsd:cholce maxOccurs="unbounded" minOccurs="0">

<xsd:element name="hardness" type="hardness-type"/>
<xsd:element name="diffraction" type="xray-diffraction-type"/ X R D patte rn S, a n d
<xsd:element name="micrograph" type="micrograph-type"/>

</xsd:choice> r] (j
</xsd:sequence> ar ness
</xsd:complexType>
</xsd:element>
</xsd:schema>




Storing Data: MDCS

134

Materials Database: Materials Data Curation System
https://github.com/usnistgov/MDCS

Advantages:
v Already built / under active development
v/ Browser-based inputting, editing, viewing data
v/ REST interface for integrating with other tools

To-Do List:
v Designing schema
x Efficiently importing data


https://github.com/usnistgov/MDCS

Problem w/ MDCS: Slow Data Entry

144

e & HardnessMeasurement

e @ Hardness

-

+ measurement-type| rockwell a

MDCS Automatically Generates

¢ @ measurement

+ value | 64.6451278805 0o Data Entry Forms
& @
« microindenter = false =)

Ikl This is great for a few data points, but...

* documentype@ data import via form is slow
ororan| @

« title Mechanical FTOpEl
e @author@ @

« given-name Ross @

e surname dJackson =



Getting Literature Data into MDCS

Goals:

* Provide a simple import method
No writing XML by hand!

 Hide the MDCS APl in a black box

Solution: Excel + Python — XML — MDCS

</

Logos from Wikimedia Commons, github.com/usnistgov/MDCS



Staging Data in Excel Document

: data - Excel ? @ — O
HOME INSERT PAGE LAYOUT FORMULAS DATA REVIEW VIEW ACROBAT Ward, Logan Timothy -
~ 2| Contains fields for weweweo | Fields for metadata =1 22" 07
"I hardness values L describing sample T & cear Seect~
7 and metadata

B = F G H I J

Sour Hardness_Type | Hardness_Value | Hardn ri Load_Un| Hardness_Microindenter Pedigree k:omposition_Unit4 Composition_Nominal | Composition_Measured
Figurs vickers 415.0150569 10 kg mass percent U-2Nb
Figur, vickers 433.4229957 10 kg ittt ——
Figur vickers 464.3554489 10 kg mass percent U-2Nb
i vickers 497.0218512 10 kg mass percent U-2Nb

Figure10 vickers 516.3064096 10 kg mass percent U-2Nb

(TR RN B RN T, RS SVRN TR
Tl
m
[=
=
o)

Figure10 418.901975 Olkg mass percent U-2Nb

Figure10 vickers 10 kg mass percent U-2Nb

Figurel0 vickers 371.0319034 10 kg i ——
10 |Figurell vickers 4224266715 10 kg
11 |Figurel0 vickers 460.7407328 10 kg Why Excel !?
12 |Figurel0 vickers 505.4622614 10 kg ope
13 |Figurel0 vickers 511.3735492 10 kg i Fa m I I Ia r tOOI
14 |Figure10 10 kg .. .

. [ ]
15 F!gurelD Sepa rate tab for 10 kg Easy edltlng Of entlre Sheets
16 |Figurell 10 kg
17 |Figurel0 : : 10 °
7w | citation and process | 2 Can be read by Python

gurel0 10 kg
19 |Figure10 H H 10 kg mass percent U-2Nb
20 |Figurel0 I nfo rm atlo n 10 kg mass percent U-2Nb
21 |Figurel0 10 kg mass percent U-2Nb
22 |Figurel0 Vi N

ha
Y]

Figure10 vickers 322.4770396

Loading into MDCS:
python data_importer.py data.xlsx

Data Source _A_Ilo_).; T:‘_ré[_a_

40
40
40
40
40
40
40
40
45
45
45
45
45
45
45
50
50
50
50
50
50
50




Final Result: MDCS Records

a7 4

Paper to Database: 10-30 min per figure (or table)

1976jac-83
1976jac = | a
86 results & HardnessMeasurement
& 1976jac-77 HardnessData [ ¥ — & Hardness
& 1976jac-21 HardnessData i ¥ — measurement-type :
& 1976jac 85 HardnessData i % | = measurement
& 1976jac B84 HardnessData [i5 ¥ L value -
& 1976jac 83 HardnessData i X o
& 1976jac 82 HardnessData [iF ¥ ~ microindenter
@ 1976jac-81 HardnessData [ 3¢ — ©DataSource
@ 1976jac-80 HardnessData [ X — document-type :
& 1976jac 79 HardnessData i ¥ — title
& 1976jac 78 HardnessData 7 ¥ | = author
- tgiven-name :
surname

Once Data Is in Database,

We Can Start Building Automation Tools




Analyzing Image Data

What is the
u-structure?




Process for Making TTT Diagram

Procedure:
700
1. Age alloys at many
. 600
times and temps
2. Evaluate fraction of =
transformed phase S a0
3. Draw dividing boundaries Z a0
-

200

100

U-13 at. % Nb
Solutionized at 850°C.

10 sec

A5, . o

ASTM grain size No. 4
16.17 hr 7 cliay 10lwk

0 0.1 1 10

10? 10*  10* 10°

TIME (minutes)

Goal: Create software to
Ref: R. Jackson. RFP-1609.

automate/assist this process



Bottleneck #1: Image Analysis

Tool Choice: Mark Crop

500 . 1' “Sh Y g ' - Ky

i \EPCARY
| e, — AT b \
4ooj i ‘N . ’ » ‘LNI‘ -d.....* . ”.\ .’/
Zy \ - 4 -‘./ —~ l ’f‘
R S pETARy | ]
] f * 4 R J 35
300—_.— . o 4 ‘.‘ . .7 L\\~ /
- ey /

200 ! |

s : ]
100 7 N ; , iy}

)
-
=
L
\
-

0 100 200 300 400 500 600



Fitting a TTP Boundary

219
Current State: Many images, and fraction transformed

We can fit a TTT curve with all our data!

Solution: Combing Kirkaldy and JMAEK Models

AT—3
75 €FTAXND

IMAEK: f(t) =1 —e~kt"

Klrkaldy tf=.3% X

Solutionized at 850°C. ASTM grain size No. 4

—Jt'n
Result: f(T, t, be) =1—e¢€ kt Ref: R. Jackson. RFP-1609.

3
X AT 1 1
where: t' = Nb’ref( ) exp Q( ——) t
XNb  \ATref k\Tref T




Fitting a TTP Curve: Comparable Results!

700 LR LR T LR L LR T T T L

600

500

B i
% 300
b 200
100
J u-13at. % Nb k4 ® 0
Good Agreement with Historical Results
0 0.1 1 10 10 10 10° 10

TIME (minutes)

Ref: R. Jackson. RFP-1609.



How Does it Compare to Our Data?

o

Monotectoid Temperature |

600 -

300

Aging Temp. (degC)
-

G G G 6 GG 5% transformed

G G O G000

100

10°2 10°3 10%5
Aging Time (min)
Nominal Nb wt%: 5.5

Nb wt% tolerance :
0.5



Image Analysis Workflow
_24 |

Summary So Far: Simple Procedure
from Images to TTT Curve




- Curating Hardness Records

Which data
is relevant?

Output:
Aging
Model




Hardness Data: Two Key Decisions

. Peak Age
\ (observed)

| Classic
' Hardening
- (r1,r2,r3)

| 1nn|
Hardness: 100 I

" 100 ]
Scale: Rockwell A Egeef()ree Haﬁ:aﬁ
Alloy: U-6wt%Nb P eak Ag e? Strength

L Aging Time: 1 hr

4 Aging Temp.: 350 C AQ

e at temperature —

A
%
f1(&,T) - Focus on two decisions

Which

How can we automate, or  15nsformation?
simplify this process? |

— Different Transformation
f3(t,T) =/
’ - =\ - Different Physics

- Different Model




Q1: Before Peak Age? - Automation

I 2

»n 80 T | — T T p
A = © Rp HARDNESS —"
Before 5 £ o0 2_??.?2&‘15——-13/ N
A . — —
H I ét """__‘_? | ? I :
6OIOO 200 |
Step #1.: | Temp.!
Automation L
After.t ‘ Before or after peak time? ‘
| o )
Step #2: . 20

SVC Model

Aging Temp (°C)

U-6.0wt%Nb



Q1: Before Peak Age? - Interactive Viz

Currently Editing: 1971jac2-Figure 15-8

Values between U-5.1Nb and U-7.5Nb :}
600 e @ L] e e L] [ I L |
L
s @ : ] o .
500
. - . >.< ® ] ) ®
L] [ ] o oo . ® e o L]
]
400 [ ] L] s L I ] s = .
L J L ] L ] L ] L ] [ ] - 2 L ] . a 8 L ] L ]

Aging Temp. (C)

200 e
* L]
'100—- L L] L] L] L ] L ] L L] e
: L] .
0 -
_ TT T T T T T T TTT] T T T T T rTTf LN B B B N N | T T T T T TTT] T L
1000 101 1002 103 1004 1045 1046

Aging Time (min)

Composition Tolerance:

2 o Before Peak

® After Peak

Selection: Before | Mot Sure | After

® Unassigned



Q2: Which transformation?

Automatically Linked to Image Analysis:
Use TTT Model from Earlier

=
=

=
=

g

L

! 1w 1w 1w 1w 1w 1w 10°
Aging Time {min}

Aging Temp. (7C)
]
(]

Pt
=
=}

405
04

10
0.9
0.8
07§
0.6

tion Transform

(=]
{03 @

[T
0.2
1101

00

# Records

300

Ty

GP Mixed Lameller

Aging Regime




Microstructure-Informed Model
~ 30 |

Now we can curate by “before peak” and “transformation type”

1 11— 12
600 © oo ogm o &00 5 © o o 1o0f
o oo emoo . e g ® ® B
E @ @ T
5 400}
o
& 00}
200
100 Dt L 02
1 11— 12
BO0 @ oo | 60O | @ i 1ok
S 500 ]
E . . . . . .
e Fair fit for the general precipitation reaction
E
g ¥ T B R 502
200 | o e o e o -
100 0 02 Do
' 10° 100 10° 10° 10° 10° 10° 10t 10° 100 10° 10° 10° 10° 10° 107 10° 10° 10° 10° 10° 10° 10°

Aging Time (min} Aging Time (min} Aging Time at 300 “C [min)



- Tracking the Entire Process




General Problem with Property Models

32 |
Building models often has many steps, and linking different tools

Feedback

| Getraw dataout Process data using Extract knowledge Make results easy

® | of repositories domain knowledge from data to understand

G) ‘.‘f"
? @ ‘c:—-(_{) T

8 <
Eal Java

Problems:

* Updating model with new data Solution: Pinyon

* Keeping track of decisions




Pinyon: Toolkit for Managing Model Creation

Guiding Principle: Store enough information to recreate a model

Goal: Collect all stepsin
model-building process

- Individual calculations
- How they link together

- “Post-It Notes”,
Documentation

Pinyon Jay: NM bird
known for remembering
s food stashes

Approach: Database with
web interface

- Records all in one place
- Updated automatically
- Can be annotated

)

N

L1 |

@ sePhaseFractionDeterminationTool

@ @ ansformationModel

. mongo

o W W w1t w
Aging Time tmim)



Tracking Individual Decisions
3419

Entry Selection Table

Click on submit button to edit entry

Show 10 ~ entries Search:
* | EntryTitle NominalComposition AgingTemp AgingTime FractionLameller Edit
260 1967jac2-Figure10a-0 U-8.4Nb 250.0 6.000000e+01 m
261 1967jac2-Figure10b-1 U-8.4Nb 350.0 6.000000e+01 _ m
262 1967jac2-Figure10c-2 U-8.4Nb 500.0 6.000000e+01 _ m
263 1967jac2-Figure11a-0 U-4.6Nb 250.0 6.000000e+01 _ m
264 1967jac2-Figure8a-0 U-4.6Nb 350.0 6.000000e+01 _ m
265 1967jac2-Figure8b-1 U-4.6Nb 400.0 6.000000e+01 _ m
266 1967jac2-Figure9a-2 U-6.4Nb 350.0 6.000000e+01 _ m
267 1967jac2-Figure9b-3 U-6.4Nb 400.0 6.000000e+01 _ m
268 1967jac2-Figure9c-4 U-6.4Nb 500.0 6.000000e+01 _ m
341 1967jac2-Figure11b-1 U-4.6Nb 350.0 6.000000e+01 _1

\S]
w
B
a
(2]
~l

Showing 1 to 10 of 64 entries Previous 1 Next



Jupyter: Docs & Code in One File!
-3 4

Fit a TTP Curve Using All Available Data

i I ilable Data 11

In [7]: def time adjust factor(temp, nb, temp ref, nb ref, temp monotectoid, Q):
"rUMCompute the multiplicative factor to convert a transformation time measured for one
alloy at a certain temperature to a time for a reference alloy and aging condition

sparam temp: float, temperature of measurement in degC

:param nb: float, Nb fraction of alloy being measured

:param temp ref: float, reference temperature in degC

:param nb ref: float, Nb fraction of reference alloy

:param temp monotectoid: float, monotectoid transformation temperature
sparam Q: fant, "activation enerqgy" fitting parameter

sreturn: multiplicative adjustment factor"""

return nb ref / nb \
* np.power ( (temp monotectoid - temp) / (temp monotectoid - temp ref), 3) \

* np.exp(Q * (1.0/(temp ref + 273.0) - 1.0 / (temp + 273.0)))

Jupyter: Ensure Whoever Inherits this Code

Knows What It Does (and why!)

This reduces the equation to three fitting parameters: k, n, and Q.

= T o T T =TT 7 7T 7 7 7T T e=

assert time adjust_ factor (100, 6, 100, 6, t:monotectoid, 1000) == 1



Hardness Analysis Workflow

Procedures, Documentation, Notes,
and Decisions All Linked Together!




Workflow for Aging Models

Transformed

10t 10° 10' 10° 10° 10 10° 10°
Aging Time at 300 “C (min)

Output:
Aging
Model




Conclusions
38y

Interconnected Workflow for Aging Models
v Storing Materials Data: MDCS
v/ Hardness Curation: Semiautomated Decision Making

v/ Microstructure Data: Web-Based Analysis Tools

Pinyon: Better reproducibility through integration

Future Vision:
Improving the microstructure-aware aging models
Adapting these tools to other property models
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